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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Competition between normal [674C] and mutant [674R]GPIllb subunits: role of
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the molecular chaperone BIiP in the processing of GPIIb-Illa complexes

Elena G. Arias-Salgado, Nora Butta, Consuelo Gonzalez-Manchoén, Susana Larrucea, Matilde S. Ayuso, and Roberto Parrilla

This work aimed at investigating the func-
tion of the [C674R] mutation in GPIIb that
disrupts the intramolecular 674 to 687
disulfide bridge. Individuals heterozy-
gous for this mutation show a platelet
GPlIb-llla content approximately 30% of
normal controls, which is less than ex-
pected from one normal functioning al-
lele. Coexpression of normal [674C]GPllb
and mutant [674R]GPIIb with normal
GPllla produced a [674R]GPIIb concentra-
tion-dependent inhibition of surface expo-
sure of GPIIb-llla complexes in Chinese
hamster ovary (CHO) cells, suggesting
that [674R]GPIIb interferes with the asso-
ciation and/or intracellular trafficking of

normal subunits. Mutation of either 674C
or 687C had similar effects in reducing
the surface exposure of GPllb-Illa. How-
ever, substitution of 674C for A produced
a much lesser inhibition than R, suggest-
ing that a positive-charged residue at that
position renders a less efficient subunit
conformation. The mutant [674R]GPIIb but
not normal GPIlb was found associated
with the endoplasmic reticulum chaper-
one BIiP in transiently transfected CHO
cells. BiP was also found associated with
[674R]GPIIb-Illa heterodimers, but not with
normal GPllla or normal heterodimers.
Overexpression of BiP did not increase
the surface exposure of [674R]GPlIb-llla

complexes, indicating that its availability
was not a limiting step. Platelets from the
thrombasthenic patient expressing [674R]-
GPIIb-llla were found to bind soluble fi-
brinogen in response to physiologic ago-
nists or dithiothreitol treatment. Thus, the
[674R]GPIlIb mutation leads to a retarda-
tion of the secretory pathway, most likely
related to its binding to the molecular
chaperone BiP, with the result of a defec-
tive number of functional GPIIb-llla recep-
tors in the cell surface. (Blood. 2001;97:
2640-2647)

© 2001 by The American Society of Hematology

Introduction

Glanzmann thrombasthenia (313 a recessively inherited bleed-mutation, resulting in insertion of intron 5, appearance of a
ing disorder characterized by appearance of symptoms immegiemature stop codon, and instability of messenger RNA (MRNA).
ately after birth, normal platelet count, prolonged bleeding tim&he second mutation was a T2113C transition that changes C674R,
and low to absent clot retraction. A distinct feature of GT is the laadisrupting the 674-687 intramolecular disulfide bridge. The plate-
of platelet aggregation both spontaneously or in response letss from the proband contained only subnormal amounts of
physiologic agonists and a hormal ristocetin-induced aggregati¢674R]GPIIb transcript, as expected from the expression of only
GT is a rather heterogeneous entityt, in all cases studied, the one allele, and the platelet content of GPIIb-llla was about 10% of
thrombasthenic phenotype is associated with either a deficienttbe normal platelets. Even though both parents of the proband
defective platelet fibrinogen (Fg) receptdr.GT is currently carried one normal functional allele, the platelet GPIlb-llla content
classified as type | or type ¥In type | GT there is absence of was approximately 30% and 50% of the normal platelet control in
platelet GPIIb-Illa and Fg and lack of clot retraction; in type Il GTthe mother and father, respectively. The difference between both
the platelet content may be around 10%, Fg may be detectable, padents is that the father has only transcripts from a normal allele,
weak clot retraction may be observed. The platelet from thehereas the mother transcribes at similar rates normal and mutant
so-called GT variants may contain normal or near normal dysfun&74R]GPllb alleles. On the basis of these observations, we
tional GPIIb-llla complexe4® The calcium-dependent het-hypothesized that the decreased surface expression of GPIIb-llla in
erodimer formed by the glycoproteins GPllb and GPllla, alsthe platelets of the mother could be the result of interference
known as integriny B3, is a receptor for Fg and other adhesivdetween the translational products of both normal and mutant
proteins and is the major platelet plasma membrane protamanscripts. This possibility has been investigated by coexpressing
component. Since the primary nucleotide structure of the humuaariable proportions of normal and mutant [674R]GPIlIb with
GPIlb and GPllla has become availabfe a significant number of normal GPllla in Chinese hamster ovary (CHO) cells. The present
mutations in both GPIIb and GPllla have been detected that averk also aimed at elucidating the molecular mechanism respon-
associated with thrombasthenic phenotylyé¢dWe have reported sible for the reduced surface expression of [674R]GPIlb-llla
a compound heterozygote for GPIIb associated with type IFMGT.complexes in the proband’s platelets as well as determining the
One of the mutations found in this patient was a splice sifenctionality of the platelet receptor. It has been observed that
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intracellular retention of pro[674R]GPIllb associated with théuffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM phenylmethyl sulfonyl
chaperone BiP may play a role in determining the reduced surfdtride, 1% Triton X-100, 0.05% Tween 20, and 0.03% sodium azide) for
exposure of [674R]GPlIb-Illa. However, platelets from the pro30 minutes at 4° C, and then precleared lysates were immunoprecipitated

band showed normal responsiveness to physiologic agonigfgh either moAb M3 or moAb P37. The immunoprecipitates were then

manifested by enhanced binding of Fg and the activatioﬁg’fJnOI o prOte_in A'SeDharose. CL-4B be._ads, Wa?ShEd’ and eluted by
dependent monoclonal antibody (moab) PAC1. According to themé:Ubatlng 10 minutes at 100°C in 0. reducing loading buffer (S0 mM
) rs-HCI, pH 6.8, 10% glycerol, 5%3-mercaptoethanol, 4% sodium

opservgtlons, pr_eservathn O_f the 674-687 intramolecular dlsumggdecyl sulfate [SDS], and 0.002% bromophenol blue). To examine the
brldgg 1S .essentle.ll to maintain a rllor.mal rate of GPIIb and GP!'@sociation of GPlIb and/or GPllla with the chaperone BiP (GRP78),
dimerization and intracellular trafficking but does not compromisgmunoprecipitates obtained in the presence of 10 U/mL apyrase (Sigma,
the physiologic responsiveness of the exposed receptor. St Louis, MO) were electrophoresed in 0.1% SDS-7.5% polyacrylamide
gels and transferred to nitrocellulose membranes. The membrane was
incubated with a polyclonal antibody to rodent BiP and then with a
secondary goat antirabbit immunoglobulin (Ig)G-peroxidase conjugated
(Sigma). The membrane was developed by incubation in PBS containing
0.015% HO, and 0.5 mg/mL 4-chloro-1-naphtol.

Materials and methods

Construction of expression vectors with normal or mutant
GPIIb complementary DNAs

The complementary DNA (cDNA) for the [674R]GPIIb mutant wad"UlSe-chase analysis of GPIib-llla synthesis

prepared by the splicing overlap extension polymerase chain reactigf)ise-chase analysis of CHO cells transfected with wild-GPIlb and/or
(PCR) procedure as previously descriBedsing 2 sets of oligonucleotide (674R|GPIIb was performed 48 hours after transfection. The cells were
primers: GPlIb-sense-(955-979) -BATTTTGGGCATTCAGTGGCTGTCA- 1 nated in DMEM without methionine for 30 minutes and then pulsed for

3', GPllb-antisense-(2123-2103ybBTCTGATTACGGATGAGTCTC-3, GPIIb—‘ 30 minutes with $*S]methionine (20Q.Ci/mL). The plates were washed 3
sense-(2103-2123) 'E‘AGACTCATCQGTAATCAGAA;@* and GPIlb-anti- e with PBS containing 1 mg/mL cold methionine and incubated with
sense-(3154-3133) EACCCTCCTGCTAGAATAGT-3! Bases substituted 10 =01 containing unlabeled methionine for 0, 0.5, and 2 hours. Cells were
generate the mutation are underlined. The final PCR carrying the mutation Wag.y,o 4 with PBS containing cold methionine and extracted in lysis buffer.
digested withAccl andBamHI and ligated in a vector containing the W“d'typelmmunoprecipitation analysis was performed as described above. The
GPlIb cDNA previously digested with the same enzymes. cDNAs encoc'"ﬂ%munoprecipitates were electrophoresed at 50 V in 0.1% SDS-7.5%

[674AIGPIIb a_md [68.7A]GP“b mutanis were prepared as above, using tB‘(J)Iyacrylamide slab gels. The gels were vacuum dried and exposed to
overlapped pairs of primers GPIIb-AG74-5enSEAGACTCATCGCTAATCA- hypersensitive x-ray film. The immunoreactive bands were digitized with a

GAAGAA-Z', GPIIb-AG74-antisense T TCTTCTGATTAGCGATGAGTCTC- high-resolution scanner and analyzed on a Macintosh computer, using the
3, GPlIb-A687-sense LAGGGTGG TGCTEGECTGAG-3and GPIIb-AGST- public domain software NIH Image (http: //rsb.info.nih.gov/nih-image).
antisense SAGCTCAGCCAGCACCACCCT-3' respectively. [674R]GPIlIb
and [687A]GPIIb cDNAs were used as templates to generate [674R/687A]GPlIb

and [674A/687A]GPIIb mutant cDNAs, respectively. Nucleotide sequen¢®eparation of FITC-Fg

analysis was performed to confirm the insertion of the amplified mutant products

into the normal GPIIb and the absence of potential errors introduced by the TA¢Man Fg was incubated with 10% celite-FITC (Calbiochem, San Diego,

polymerase. Normal or mutated cDNAs were subcloned into the Hindlll site 6 in PBS at room temperature for 60 minutes. The pH was adjusted to 8.5
the pcDNA3 expression vector. with 5% N&CO;. The celite-FITC was separated from the labeled Fg by

centrifugation, and the unreacted free FITC was cleaned from FITC-Fg by
passing through a PD-10 column (Pharmacia, Uppsala, Sweden) in PBS,
pH 7.4, and exhaustive dialysis at 4°C. The fluorescein-to-protein ratio was
CHO or CHO-GPIlla (CHO cell line stably expressing GPllla) cells wereletermined by measuring absorbance at 495 nm and 280 nm. Aliquots of
grown in Dulbecco modified Eagle medium (DMEM) supplemented witFITC-Fg are stored at-80°C and thawed for experiments on a single
10% fetal calf serum. Cells were transiently cotransfected by the diethydy only.

aminoethyl-dextran methégiwith different amounts of pcDNA3-GPllla,

normal and/or mutated pcDNA3-GPIIb constructs, and/or the pMT-BiP

vector. The total amount of DNA transfected was equalized with voiBinding of Fg to activated platelets

plasmid. To determine the transfection efficiency, 4 of the pCMV, Blood was collected in 1/10 volume of 3.8% sodium citrate, and platelet-

B-galactosidase plasmid was cotransfected in some experiments. Fortvn plasma (PRP) was obtained by centrifugation at 8680 minutes at
eight hours after transfection, the cells were harvested, and the surface - temperature. The PRP was then centrifuged ag 89010 minutes,
expression or total content of GPlIb-llla complexes was determineaq1d the platelet pellet was resuspended in Tyrode buffer, pH 7.4 (5 mM
as follows. HEPES, 2 mM MgCJ, 0.3 mM NahPQ;, 3 mM KCI, 134 mM NaCl, 12

mM NaHCGQ;, 0.1% glucose, 0.1% bovine serum albumin, and 1 mM
Flow cytometry analysis Cl,Ca.) at a final concentration of 4 107/mL. Platelets (50uL) were

Transfected cells were harvested, using 0.5 mM EDTA in phosphal%t-imUIatEd for 5 minutes at room temperature with one or more of the
buffered saline (PBS), washed with PBS, resuspended at a densit§ of fQjlowing activating agents: 20 mM dithiothreitol (DTT) (BRL, Life
cells/100L, and incubated for 20 minutes at 4°C with moAbs specific td €chnologies), 20 nmol/L phorbol 12-myristate 13-acetate (PMA) (Sigma),
GPIIb (M3) or GPllla (P37). Next, cells were washed and exposed &P0rM adenosine 5'-diphosphate (Sigma), 1 mM (—)epinephrine (Sigma),
fluorescein isothiocyanate—conjugated (FITC) Fafragment of rabbit 1.5 U/mL human plasma thrombin (Sigma), 1AM thrombin receptor
antimouse immunoglobulin (DAKO A/S, Denmark) at 4°C for 20 minutes?donist peptide (SFLLRN), M platelet activating factor-16 (Calbio-

and the surface fluorescence was analyzed in a Coulter flow cytomefdlem). To prevent thrombin-induced fibrin polymerization, GPRP peptide
model EPICS XL. (Bachem, Bubendorf, Switzerland) was added to the incubation medium.

Next, 15ug FITC-Fg was added to activated platelets and incubated 15
minutes at room temperature. After washing, the platelets were resuspended
in Tyrode buffer for flow cytometry analysis. We examined also the binding
Immunoprecipitation of GPlIb-llla from CHO cells was performed a®f FITC-labeled PAC-1, antibody specific for the active conformation of
previously describedf-18 Briefly, transfected cells were treated with lysisGPlIb-llla, in PMA-treated platelets.

Cell culture and transfection

Immunoprecipitation of GPIIb-Illa and Western analysis of BiP
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Materials Transfection:
[674R]GPllb

Restriction enzymes were obtained from Boehringer (Mannheim, Ger- [E7aR|GP® ab GPilla
many). The pcDNA3 expression vector was from Invitrogen (San Diego, [674CIGPIIb [674C]GPIIb | =

. . + Mock | ‘otal cell lysate
CA). Most other reagents were purchased from Sigma Chemical Compan i Gninla l | v
(St. Louis, MO), Merck (Darmstadt, Germany), or Calbiochem-Novabio-
chem Corporation (San Diego, CA$>§]-methionine (SA 1000 Ci/mmol) BiP— e s e

was from Amersham Ibérica (Madrid, Spain). moAbs specific for GPllla

(P37) and GPllb (M3) were a gift of Drs J. Gonzalez and M. V. AlvareFigure 2. Association of mutant [674R]GPIIb with the endoplasmic reticulum

from the Institute Rocasolano (CSIC; Madrid, Spain). Polyclonal antirodeegitaperone BiP. CHO cells were transiently transfected with the indicated cDNAs,

BiP and pMT/hamster wild BiP cDNA were a generous gift from Dr Linddysed' and immunoprecipitated with the anti-GPIlb moAb M3. The precipitates were
, . . R olved by electrophoresis, transferred to nitrocellulose membrane, and blotted with

Hendershm at St. Jude’s Research Ho_spltal (Memphis, TN). FITC PA%E(];yclonal anti-BiP antibody, as described in “Materials and methods.”

was obtained from Dr J. Lopez (VA Medical Center, Houston, TX).

cotransfected with GPllla and mutant [674R]GPllb, proGPllb,
GPIlIbH, and GPllla subunits were coprecipitated with anti-GPIIb
Results at all times, but the labeling flow was considerably slower than in
cells coexpressing both normal subunits. The decay of labeled
proGPllb was retarded (Figure 1), suggesting that the number of
We have reported a case of compound heterozygosity for GPHbbunits entering the secretory pathway may be diminished. After 2
associated with type Il GT: The mutation inherited from the father hours of chase, the pattern of labeling of cells expressing [674R]-
[IVS5(+2)CA] renders the mRNA unstable and, therefore, the onlgPlIb was similar to that observed in the control cells at zero time.
MRNA-GPIIb found in the platelets of this patient was the on#n CHO cells, the majority (99%) of GPlIb-llla is located on the
encoding the mutated [C674R]GPIIb inherited from the mothegplasma membran€According to this, in a pulse-chase experiment
The patient showed very low platelet GPIlib-llla content anthe labeling intensities of GPIIb and GPllla should be proportional
elevated ratio of proGPIIb to GPlIbH. Moreover, coexpression &6 the amount of GPlIb-llla complexes that have reached the cell
[674R]GPIIb and GPIllain CHO cells led to a marked reduction isurface. The reduced rate of labeling of [674R]GPlIb-llla com-
the surface exposure of GPIlb-llla complexes. Although the lattptexes could be caused by impairment of the association of
observation indicates that subunit dimerization is not prevented, fitig 4R]GPlIb with GPllla, by retardation of the metabolic flow
reason for the low rate of surface expression of GPlIb-llla is n@long the maturation and trafficking pathway, or by the concurrent
apparent. In principle, it could be the result of either instability cfiction of both mechanisms. Whatever the mechanism, it seems that
the [674R]GPIlb-1lla complexes and/or retardation in the intracethe [674R]GPIIb mutation either changes the kinetics of a preexist-
lular transit along the secretory pathway. To investigate this poiritg step or imposes a new limiting step to the normal processing
cells transiently cotransfected with normal GPllla and eithgrathway of GPIlIb-llla complexes.

mgtant [67.4R]GP”b Or.no.rmal GPllb were pulse-lapeled for 3Rssociation of abnormal GPIIb or GPllla subunits with the

minutes with f°S]methionine and then chased with medium o .
containing unlabeled methionine for 0.5 or 2 hours before GPIIkEf[]dOpla1smlc reticulum chaperone BiP (GRP78)
llla complexes were immunoprecipitated with an anti-GPlliThe pulse-chase analysis seems to suggest that an early step in the
moAb. As expected, reciprocal changes in the labeling of prgurface expression pathway of [674R]GPIIb-llla may be impaired.
GPllIb, and of GPIIbH and GPllla, as a function of the chasing timgince the substitution of 674C in GPIIb implies the disruption of an
were observed in cells coexpressing normal GPIIb and GPlligramolecular disulfide bridge and subsequent conformational
proteins (Figure 1). This observation implies stability of GPIIb-lllahanges, we found of interest to analyze the interaction of normal
complexes and their transport into the Golgi apparatus. In ceig[674R]GPIIb with the chaperone BiP. For this purpose, total cell
lysates from CHO cells coexpressing GPllla and either normal or
mutant [674R]GPIIb, or expressing only normal GPllb, mutant

Pulse-chase analysis of stability of [674R]GPIIb-llla complexes

[ GPllla ] [674R]GPIIb, or GPllla, were immunoprecipitated with an anti-
Transfection: + + Mock GPIllIb moAb and the precipitates used for Western analysis using a
[ [674C]GPIIb i | [674R]GPIIb | polyclonal antibody against the hamster BiP chaperone. Figure 2
indicates that the chaperone BiP was coprecipitated with [674R]-

Chase (hours): o 05 20 0 05 2.0 L GPIIb but not with normal GPIllb. To elucidate whether the

immunoprecipitated BiP was associated with mutant monomeric
pro[674R]GPllb or it was also bound to heterodimers, we per-

PrOGPIID — o e s S o S formed the same type of analysis precipitating portions of the cell
GPIlbH —=>= i : lysates with an anti-GPllla antibody reacting with monodimeric
GPllla —= W and heterodimeric GPllla. Figure 3 shows that anti-GPllla copre-

cipitated BiP only in cells coexpressing [674R]GPIIb and normal

GPllla, suggesting that, at least under our experimental conditions,
i BiP associated with abnormal conformations of monomeric GPIllb

as well as with mutant heterodimeric complexes. The observation
Figure 1. Pulse-chase analysis of [674C] and [674R]GPIIb-llla synthesis. ~ cHo  that BiP immunoprecipitates with a mutant form of GPIIb (E324K)
cells, transiently transfected with cDNAs encoding GPllla and either normal [674C]or  (Figure 3) unable to form heterodimers with GP?PIa:IearIy
mutant [674R]GPIIb, were pulse-labeled with [3S]methionine for 30 minutes and indicates that the BiP binding is independent of the type of GPIIb
then chased with medium containing unlabeled methionine. At the indicated times, . . . .

mutation and its consequence on assembly; it also indicates that

the cells were lysed and immunoprecipitated with anti-GPIlb. The precipitates were . s ) =
analyzed by electrophoresis as described in “Materials and methods.” assembly is not a prerequisite for BiP binding.

Antibody used: | anti-GPllb
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fected GPllb-llla. The C674A or C687A mutations produced

GPllla smaller (approximately 40%-50%) inhibitions. The mutation of
Transfection: + either 674C or 687C produced similar inhibition; however, the
{g“’ ~£3g@ u&g’@ ‘@v {,e@ &d@ additive result of mutating both residues suggests the appearance of
& PP effects unrelated to disulfide disruption (Figure 4). Total cell lysates
¢ ¢ & ¢ ¢ & : g : _
Hip from transfected cells were immunoprecipitated with anti-GPIIb,
iP— — -

and the presence of BiP in the precipitates was analyzed by Western
4 blotting. The results so obtained indicate (Figure 4, bottom) that
anti-GPIla | BiP was tightly associated not only with natural-occurring muta-
tions of GPIllb but also with mutated forms of GPIIb created in
the laboratory.

L AA
Immunoprecip with: | anti-GPIIb | |

Figure 3. Coimmunoprecipitation of BiP with [674R]GPlIb-llla complex. CHO
cells, transiently cotransfected with cDNAs encoding GPllla and either normal
[674C]GPIlb or mutant forms of GPIlb, were immunoprecipitated with the indicated
antibodies. The precipitates were analyzed by electrophoresis, transferred to nitrocel-
lulose membrane, and blotted with polyclonal anti-BiP antibody, as described in
“Materials and methods.”

Physiologic responsiveness of platelets carrying
the [674R]GPIIb mutation

The reduced level of expression of [674R]GPlIb-1lla justifies the

The apparently high-affinity binding of BiP to mutated [674R]thrombasthenic phenotype of the patient. However, we found of
GPIIb suggested that availability of BiP could become limitinginterest from the academic and prognostic standpoints to determine
preventing, therefore, the access of new proGPlIb peptides into the ability of the mutated [674R]GPIIb-llla complexes to undergo
maturation pathway. To investigate this possibility, we cotransmn activated state in response to stimulation by agonists. Platelets
fected 2 different amounts of mutant [674R]GPIIb with normajrom the proband and normal individuals were incubated in the
GPllla and BiP expression plasmids. No significant effect of BiBresence of physiologic agonists, DTT, or PMA, and the binding of
was detected in the rate of surface expression of [674R]GPIIb-ligaluble FITC-Fg determined by flow cytometric analysis. The
complexes (results not shown), making unlikely that it could haviorescence of the proband’s platelets was about 10% of the
been limiting. control values (results not shown). Thus, the enhanced fluorescence
intensity after platelet activation was reasonably proportional to the
number of surface receptors, suggesting that the mutated platelet
The 674C of GPIIb forms an intramolecular disulfide bridge witfl674R]GPlIb-llla complexes undergo normal in-out signaling-
687C. To ascertain whether the [674R]GPIlb dysfunction wagediated conformational changes. This conclusion is also sup-
associated with the loss of the disulfide bridge, or with the specifi@rted by the enhanced binding of the activation-dependent IgM
need for a C at position 674, we analyzed the functional reperct®C1 to the proband’s platelets after PMA-induced postreceptor
sion of loosing the 674-687 disulfide bridge by changing the Cs 6 &imulation (Figure 5).
or 687 for A. Figure 4 (upper panel) depicts the surface expressie
of GPlIb-lllain CHO-llla cells transfected with normal or mutated xpression of GPIIb-llla complexes
forms of GPIIb. The mutation C674R found in the probang
decreased by approximately 70% the surface expression of tralise heterozygous states for the [674R]GPIIb mutation expressed
less than 50% of platelet GPIlIb-llla of normal individuals. Since
this mutated GPIIb allele yields normal amounts of full-length
transcripts, we hypothesized that a reason for the decreased surface
exposure of GPIIb-Illa complexes could be a competition between
the translational products of the normal and mutated alleles at some
limiting step(s). To elucidate this point, we cotransfected CHO-llla
cells with progressively increasing ratios of normal and/or mutated
GPIlIb cDNAs. Figure 6A depicts the surface GPlIb-llla content as

Mutation analysis of the 674 and 687 residues of GPIIb

gmpetition between normal and [674R]GPIIb for surface

(% of control)
o
=)

25 Binding of PAC1

Surface exposure of GPlib-llla

i

40 Patient
> Patient Control
! T f f I 5 ﬂ S +PMA +PMA
B74R
Transfection: [5“3]‘:P":]Q{:::J\]G"Ilb EEB?A]]GPIIIJ _g 30
L [674A] 5
[687A]GPIIb GPIIb |
Ipp with anti-GPIIb { l l [687A] c
) = 20
[
Chaperone —> — — (&} i
BiP 10

Figure 4. Effects of substitutions of 674C and 687C of GPIIb in the surface

exposure and BiP association of GPlIb-llla complexes. CHO-llla cells were
transfected with the cDNA encoding normal [674C]GPIIb or mutant forms of GPIIb, as 0.1 1 10
indicated. In the upper panel, the surface expression of GPlIb-llla complex was

T T

100

determined by flow cytometry, using an anti-GPIIb moAb. The results are expressed
as a percentage of the surface exposure of normal [674C]GPlIb-Illa complexes. The
results are the means = SEM of at least 3 independent experiments in duplicate. In
the lower panel, immunoprecipitation of the cell lysates and Western blot analysis of
the precipitates were performed as described in “Materials and methods.”

log Fluorescence intensity

Figure 5. PACL1 binding to activated platelets. Platelets from the thrombasthenic
patient and normal controls were incubated with or without PMA (20 nmol/L) for 5
minutes and then incubated with the moAb FITC-PAC1 and analyzed by flow
cytometry.
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Figure 6. Competition of normal and mutant [674R]GPIIb for surface expres-

sion of GPlIb-llla complexes. (A) CHO-llla cells were transiently transfected with
variable amounts of normal (O) or mutant (®) [674R]GPIIb cDNAs. The surface
exposure of GPIIb-llla heterodimers was analyzed by flow cytometry with anti-GPllb.
The results are the means = SEM of at least 3 independent experiments in duplicate.
(B) CHO-llla cells were cotransfected with normal to mutant [674R]GPIlb molar ratios
from 0.2 to 5, and the surface expression of GPIlb-Illa complexes was determined by
flow cytometry (H). At the normal to mutant ratio of 1, 2 pg of each plasmid was
cotransfected. The estimated values ([]) were obtained, assuming that, according to
results on panel A, the surface expression from the translational product of both
cDNAs should be additive. (C) The percentage of inhibition of surface exposure of
GPlIb-llla was calculated from the differences between the estimated and the
measured values shown in panel B.
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Figure 7. Pulse-chase analysis of cells cotransfected with GPllla and either
normal GPIIb, mutant [674R]GPIIb, or equimolar amounts of both GPIllIb cDNAs.
CHO cells, transiently transfected with cDNAs encoding GPllla and either normal
[674C]GPIlb, mutant [674R]GPIllb, or equimolar amounts of both cDNAs, were
pulse-labeled with [3°S]methionine for 30 minutes and then chased with medium
containing unlabeled methionine. At the indicated times, the cells were lysed and
immunoprecipitated with either anti-GPIIb or anti-GPllla. The precipitates were
analyzed by electrophoresis as described in “Materials and methods.”

prolonged retention of labeling in proGPIIb and decreased labeling
of GPllIb-Illa (Figure 7). Densitometric analysis of data shown in
Figure 7 was consistent with that obtained by flow cytometry
(Figure 6). The immunoprecipitation with anti-GPllla of heavily
labeled GPIlla in all conditions (Figure 7, bottom panel) rules out
that availability of GPIlla could have been limiting for the surface
expression of GPIIb-Illa.

Since the mutated [674R]GPIIb is bound to BiP, a limited
availability of this chaperone could explain the observed competi-
tion between the normal and mutant forms of GPIIb. We investi-
gated this possibility coexpressing BiP with variable amounts of
normal or mutant GPIlb so that the mutant-to-normal GPIIb ratio
varied from 1 to 3. The data in Figure 8 clearly indicate that
overexpression of BiP did not overcome the inhibitory effects of
the mutant [674R]GPIIb on the surface exposure of the normal
subunit, but, on the contrary, a consistent inhibitory effect was
observed at all mutant-to-normal GPlIb ratios analyzed. Finally,
the possibility should be considered that binding of BiP to
[674R]GPIIb-llla complexes would make limiting the availability
of GPllla subunits. However, it is unlikely that this mechanism

a function of the amount of transfected expression plasmid(s). This
process shows a saturation-type kinetics, and the maximal value
with the mutated GPIIb plasmid was reached at much lower
concentration than with normal GPIIb. Figure 6B shows the
measured and estimated surface exposure of GPlIb-llla in cells
coexpressing molar ratios of normal and mutated GPIIb from 0.2 to
5. In estimating the surface GPIlIb-llla we assumed, according to
results on panel A (Figure 6), that in this range of plasmid
concentration transfection is not a limiting step and that surface
expression from both cDNAs should be additive. Unexpectedly,
instead of additivity, the results show a progressively increasing
inhibition of surface exposure of normal GPIIb-llla complexes as
the normal [674C]GPIIb-to-mutant [674R]GPIIb ratio decreased
from 5to0 0.2 (Figure 6C). It should be remarked that cotransfection

3
/]
o
s T - BiP
Q
/]
)
v
S
= 27
o
o
o .
= + BiP
S
w
<«
1 T T T
0 1 2 3 4

Mutant / Normal GPIlb ratio

of equimolar amounts (g of each expression plasmid) of normakigure 8. overexpression of BiP in CHO-llia cells cotransfected with normal
and mutant GPIIb, presumably the expected physiologic conditiomg mutant GPIlb. CHO-Illa cells were cotransfected with different proportions of

inhibited the surface exposure of GPIIb-llla by approximatelg}G
35%. Moreover, pulse-chase analysis of cells cotransfected wj

rmal and mutant [674R]GPIIb cDNAs, as described in Figure 6, and 4 .g of the BiP
NA or the void plasmid. Forty-eight hours after transfection, the surface exposure
Pllb-llla was analyzed by flow cytometry with the anti-GPllb moAb M3. The

equimolar amounts of normal and mutant GPlIlb clearly showsr&ults are the means + SEM of at least 3 independent experiments in duplicate.
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might be quantitatively important in view of the scarce amounts afnd the protein folding proceeds, most likely, different chaperones

mutant heterodimers immunoprecipitated with antibodies capalzlet sequentially until a competent native protein is secré&étéd.

of identifying each subunit as either monomer or heterodimer. The BIiP is a molecular chaperone that targets irreversibly mis-
folded proteins for their degradation in the endoplasmic reticulum
(ER). It is generally accepted that misfolded proteins are never

Discussion secreted and remain sequestered in the ER until their degradation is
completed. On these grounds, we found of interest to investigate

Role of the 674-687 disulfide bond of GPIIb on the biological the interaction of [674R]GPIlb with BiP and whether this chaper-

function of the GPlIb-llla complex one was involved in determining the slow rate of surface exposure

The C674R GPllb mutation disrupts the intrachain 674-689’f [674R]GPlIb-llla complexes. In agreement with a previous

disulfide bond. This mutation has been found in a thrombasthelﬂ@servaﬂon on the mutagenesis of G273 of GPIIBjP bound

phenotype, heterozygote compound for GPIlb, whose platergytated forms of residues 674 or 687 of GPIllb but not to normal
content of GPlib-llla was about 10% of the normal controi674C]GP”b' It should be remarked that, although some of the

individuals and that only platelet mMRNA-GPIIb was the cméntroduced mutations improved the exposure of GPlIb-1lla, none of

encoding [674R]GPIIb. Coexpression of normal GPIllaand [674R hem approached values above 50% of the normal rates. Thus, it
GPIIb in CHO cells confirmed the reduced rate of surface€€MS reasonable to conclude that, at least under our experimental

expression of [674R]GPIIb-llla complexes. However, from thisonditions, a relationship exists between the association of GPllb

type of experiment it cannot be ascertained whether the loss of #{th BiP and reduced surface expression of GPIIb_-IIIa_. It 'S
674-687 disulfide bond impairs the function of the cell surfacasnerally aCCEpteq th‘_“ the fate of m'SfOk_jed proteins is their
receptors. The platelets from the proband respond to a battery°8fm)|et,e degradation n the ER. However, in our case, in agree-
activating agents by increasing the binding of soluble Fg wident with an o_bservahon ma_1de on 893?6 mutated forms of the
intensity proportional to the number of exposed receptors. THiman chorionic gonadot_rop&-subunlt, at least part of the
observation clearly indicates that loss of the 647-687 intrachdiftant [674RIGPIIb protein succeeded in progressing "?"0”9 th_e
disulfide bond does not compromise the agonist-mediated resp8ﬁ9ret°ry pa’Fhwa_y to reach the cell surface. The a_ssou_atlon of BiP
siveness of the exposed [674R]GPlIb-llla complexes. Thus, cons\’t‘ﬂ_'—th_heter()(_j'me”C complexes supports the r_elatlonshlp between
ering that the [674R]GPIlIb allele is transcribed at normal rates aHH“d'”g Of BiP gnd. the requceq ratg of expression of [674R]GPIIb-
this mutation does not preclude a normal receptor responsivenégg; The tight blnc_zllng of BiP mightimpose a major restraint on the
the knowledge of the limiting step(s) in the expression of mutafif09ress of protein complexes along the secretory pathway.

heterodimers could eventually help to define a therapeutic target(s .lt is worth Cr;oltlng _that r?fplac_ement of (?74(; for R appea_lred ;10
In secreted proteins, disulfide bonds are important for stabiliz ave a more deleterious effect in terms of surface expression than

tion of the tertiary structure as well as for their assembly in » which might be due to constraints imposed by the side-chain on

multimeric complexed! Disruption of intrachain disulfide bonds the B,iP bindipg. It should also be mentione.d.that, although
in GPIIb or GPllla produces variable degrees of functiondnutation of either 674C or 687C produced similar effects, the

impairment. Deletion of 106A-111Q, including 107C, disrupts thgdditive effect of both mutations suggests their effect may not be
107-130 intrachain disulfide bond in GPRb,preventing het- due only_ to _disulfide disruption. A_Iikely interpre_tatio_n for this
erodimerization of GPIlb-111&3 Similar results were observed with observation is an altered polypeptide conformation independent

the 129S-161S deletion comprising the 130C and 146C res?dueg.om dis_ulfi(_ie d_isrupt_ion_. Alte_rnatively, the nor_1rr_1utated C may
In GPllla, disruption of disulfide bonds by the C374Y and C560€"939¢€ |n.d|su.|f|de br!dglng with apother C suff|c.|e.nt to prowde a
mutations are associated with type Il thrombasth&mé,and co_nf_ormatlon improving the trafficking or retaining BiP less
C542R and C457Y substitutions are involved in type | GG efficiently.
However, removal of C655 GPllla by S|te-d|recteq mUtagenes(‘:%mpetition between normal and mutant [674R]GPIIb subunits
does not affect the GPIIb-1118. The Cs 674 and 687 in GPIIb are
conserved in all they,B5 integrins of all the species studied so faiThe heterozygous states for mutations in GPllb or GPllla are
(human, dog, pig, rabbit, and rodents). In general, the conservatiorown to contain subnormal amounts of platelet GPllIb-llla,
of Cs in alpha subunits of integrins runs in parallel to their degredthough near normal amounts have also been rep#ttéal.
of homology with GPIIb* However, it is worth noting that Cs 674 principle, the finding of subnormal platelet GPlIb-llla content
and 687 are conserved in the alpha subunit of Arg-Gly-Asguggests that transcripts from a single allele are not sufficient to
(RGD)-reactive integrins (B3, asB1, anda,B3) that undergo a maintain normal translational rates and, therefore, assembly and
process of cleavage and lack an | domain. In cleaved bsiirface exposure. The amount of mutated platelet mMRNA-GPIIb in
non—RGD-reactive integrins, these Cs are conserved andag. the heterozygote state for [674R]GPIllb was within the expected
These observations suggest that the 674-687 disulfide bridgenmrmal range; nevertheless, the amount of platelet GPIlb-llla was
GPIllb might play an important role in determining the optimaapproximately 30% of the normal values or, what is the same, about
functional folding. The functional preservation of the [674R]GPlIbhalf of the estimated content, assuming that the contribution of
Illa complexes supports the idea that disruption of the 674-6&0th, normal (50%) and mutant allele (10%), was additive. The
disulfide bond in GPllb impairs primarily the assembly and/diack of additivity implies that some type of negative interaction
intracellular trafficking of heterodimers. must be taking place between the mutant and normal subunits.
The nascent polypeptide chains would tend to aggregate in tdader our experimental conditions, coexpression of normal GPllla
high-protein—containing intracellular medium unless it was imand progressively increasing ratios of mutant to normal GPIIb led
peded by the assistance of molecular chaperones. The chaperéa@sogressive inhibition of the surface expression of GPIIb-llla in
are important in polypeptide folding, protein assembly, and intracélHO cells. The physiologic significance of this finding is sup-
lular translocatiorfl-33 They bind to hydrophobic domains on theported by the fact that transfection of CHO cells with GPIlla and
surface of unfolded polypeptides. As the disulfide bonds are formeduimolar amounts of normal and mutant GPIIb inhibited the
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exposure of normal GPlIb-llla to a similar extent to that observd@74R]GPIllb does not preclude a normal agonist-induced binding
in the platelets of the heterozygote individual. The inhibitory effeaf Fg or of the activation-dependent IgM PAC1 by [674R]GPlIlb-
of a mutant protein on the wild-type gene product is known d#Ha receptors. BiP forms very stable complexes with either
“dominant-negative” effect?®4° Dominant-negative effect of mu pro[674R]GPIlb and [674R]GPIlIb-llla heterodimers but not with
tated proteins seems to be involved in the etiopathogenesisnaffmal GPIIb or GPIIb-llla. Mutation analysis of residue 674 of
several human diseases, such as the thyroid hormone resistaBB&b indicates that noncharged or no-polar residues improved the
syndromé!#2and those originated by mutant p53 tumor suppressmctional performance of the subunit. However, none of the
proteing® and mutations in the tyrosine kinase domain of thanalyzed mutants reached the normal values when coexpressed
insulin receptof4 with normal GPllla, and all of them were tightly bound to BiP.
We have reported competition between other mutated formsiiere is a dose-dependent competition between normal and
GPIlb and normal subunif§.The competition between normal and[674R]GPlIb-Illa complexes for cell surface expression, and this
mutant subunits may be exerted in different ways, depending feffect is enhanced by coexpression of BiP. These observations
instance on whether they form homodimers or heterodimers tigtggest that the tight binding of BiP to [674R]GPllb may be related
may compete for the binding of other subunits or ligands. On thie the slow rate of progression of [674R]GPIlIb-Illa along the
basis of the strong binding of BiP to monomeric as well as teecretory pathway and the competition between normal and mutant
heterodimeric mutant [674R]GPlIb-llla complexes, we investiheterodimers.
gated whether the availability of BiP for the assisted folding of
normal subunits could have been limiting. This possibility can be
ruled out since coexpression of BiP enhanced rather than diqucknow|edgment5
ished the inhibitory effects of mutant [674R]GPIIb. The increased
availability of BiP could result in increasing steady-state levels @ntibodies P37 and M3 directed against GPllla and GPllb,
[674R]GPIIb-BiP complexes. Thus, the inhibitory effect of overexrespectively, were a gift of Drs J. Gonzéalez and M. V. Alvarez from
pressing BiP adds further support to the postulate that the mutém Instituto Rocasolano of the Spanish Council of Research
[674R]GPIIb-BiP complex perturbs the secretory pathway dCSIC). We are greatly indebted to Dr Linda Hendershot at St Jude
normal subunits by competing at some limiting step. Children’s Research Hospital, Memphis, TN, for the generous gift
To conclude, the lack of the 674-687 disulfide bond imfantibody against rodent BiP and the BiP expression plasmid.
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